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he posterior five pairs of avian ribs are composed of vertebral and sternal components, both derived from the somitic
esoderm. For the patterning of the rib cartilage, inductive signals from neighboring tissues on the somitic mesoderm have
een suggested to play critical roles. The notochord and surface ectoderm overlying the somitic mesoderm are essentially
equired for the development of proximal and distal regions of the ribs, respectively. Involvement of the somatopleure in rib
evelopment has already been suggested but is less understood than those of the notochord and surface ectoderm. In this
tudy, we reinvestigated the role of the somatopleure during rib development. We first identified the chicken homologue of
he mouse Mesenchymal forkhead-1 (cMfh-1) gene based on sequence similarities. cMfh-1 was observed to be expressed in
he nonaxial mesoderm, including the somitic mesoderm, and, subsequently, in cartilage forming the ribs, vertebrae, and
ppendicular skeletal system. In the interlimb region, corresponding to somites 21–25 (or 26), cMfh-1-positive somitic
esoderm was seen penetrating the somatopleure of E4 embryos, and cMfh-1 was used as a molecular marker demarcating
rospective rib cartilage. A series of experiments affecting the penetration of the somitic mesoderm into the somatopleure
as performed in the present study, resulting in defects in sternal rib formation. The inductive signals emanating from the
omatopleure mediated by BMP family proteins were observed to be essentially involved in the ingrowth of the somitic
esoderm. BMP4 alone, however, could not completely replace inductive signals from the somatopleure, suggesting the
nvolvement of additional signals for rib formation. © 2001 Academic Press
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The posterior five or six pairs of avian ribs are subdi-
vided into three domains based on anatomical features
1 To whom correspondence should be addressed. Fax: 181-43-
f226-2595. E-mail: koseki@med.m.chiba-u.ac.jp.
284Fig. 1). The proximal part of the ribs is bifurcated, while
he distal part forms a shaft. The distal part is further
ubdivided into vertebral and sternal components articu-
ating by a costal suture. Orthotopic grafting experiments
ave demonstrated that vertebrae and ribs are derived
rom the somitic mesoderm, whereas the sternum is
ormed from the somatopleural mesoderm (Christ et al.,
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285Induction of Sternal Component of Avian Rib by BMP1974; Huang et al., 1994; Huang et al., 1996; Kato and
Aoyama, 1998; Huang et al., 2000).
The inductive signals required for rib formation have
been investigated by phenotypical analyses of several
mouse mutants and experimental approaches using avian
embryos. Several distinct molecular mechanisms have been
suggested to be important in rib patterning. The involve-
ment of Sonic hedgehog (SHH) emanating from the noto-
chord is essential for the proximal parts of the ribs. This has
been demonstrated in mouse mutants, including Shh mu-
tants, Danforth’s short-tail (Sd), a notochord mutant, and
ax-1 mutants, as well as by the extirpation of the
otochord/neural tube complex in chick embryos (Koseki
t al., 1993; Chiang et al., 1996; Teillet et al., 1998). In
hh-deficient mice, only the distal portion of the ribs is
enerated, while rib defects in Sd mutants are much milder
nd restricted to the most proximal region. Since noto-
hordal defects in Sd embryos appear later than in Shh
eficient mice, rib defects in Sd mutants could be a hypo-
orphic phenotype of impaired SHH signaling, and the
ormation of the most proximal parts of the ribs might
equire the highest amounts of SHH. Thus, the induction
nd/or maintenance of the sclerotome correlates with the
ormation of the most proximal parts of the ribs. This is in
ood agreement with proximal rib defects observed in an
llelic series of Pax-1 mutants. Pax-1 is expressed in the
edial region of the sclerotome and is a mediator of SHH
ignaling (Koseki et al., 1993; Wallin et al., 1994; Dietrich
nd Gruss, 1995).
In contrast, formation of the distal parts of the ribs is
trongly correlated with the development of the dermomyo-
ome and myotome. Defects in the distal parts of the ribs
FIG. 1. Schematic representation of the avian rib. Vertebral and
sternal components of the ribs are articulated. The vertebral
component is further subdivided into proximal and distal parts due
to anatomical features.re observed after removal of the surface ectoderm overly-
Copyright © 2001 by Academic Press. All rightng the unsegmented paraxial and lateral plate mesoderm,
hich causes defects in the ventral half of the dermomyo-
ome (Dietrich et al., 1997; Dietrich et al., 1998; Huang et
l., 2000) (H. A. and H. K., unpublished observations).
herefore, the ectodermal signals required for the normal
evelopment of the hypaxial muscle could play pivotal
oles in the formation of the cartilaginous condensation of
he distal ribs.
The involvement of the somatopleure, which is com-
rised of the lateral ectoderm and somatopleural meso-
erm, in rib development has not been extensively studied,
lthough the lateral plate mesoderm functions as a signal-
ng center for the early specification of the lateral somitic
alf (Pourquie´ et al., 1995). Sweeney and Watterson (1969)
uggested its involvement in the development of the ribs by
lacing tantalum foil blocks in the most proximal portion
f the somatopleural mesoderm, resulting in a lack of the
ternal components of chicken ribs. This implies that
enetration of the somitic mesoderm into the somato-
leure, as suggested by Christ et al. (1983), could be an
ssential process in sternal rib formation. To explore the
ignals inducing the penetration of the somitic mesoderm
nto the somatopleure, we first isolated the chicken homo-
ogue of mouse Mesenchymal forkhead-1. This gene,
Mfh-1, and Pax3 (Goulding et al., 1994) were shown to be
xpressed in the somitic mesoderm invading the somato-
leure, with the highest expression in the ventral somite
uds. We show that cMfh-1 demarcates prospective carti-
aginous tissue during body wall formation. We also ob-
erved that somitic mesoderm migrating into the somato-
leure at interlimb levels contributes to the formation of
he sternal component of avian ribs, and BMP family
roteins emanating from the somatopleure are essentially
equired to induce invasiveness of the somitic mesoderm.
MATERIALS AND METHODS
cDNA Isolation and Sequence Analysis
For the isolation of cMfh-1 cDNA, a stage-22 chick cDNA library
in l-ZapII (kindly provided by Drs. A. Burke and C. Tabin, Harvard
edical School, Cambridge, MA) was screened using a PCR frag-
ent corresponding to the forkhead domain of mouse Mfh-1
Miura et al., 1993). A total of 106 clones were plated, transferred to
Hybond-N membrane filters, and hybridized under high stringency
conditions (43 SSC, 53 Denhardt’s solution, 0.5% SDS, 100 mg/ml
denatured salmon sperm DNA, at 60°C; washing: 23 SSC, 0.1%
SDS at 60°C) to the probe labeled by random priming to a specific
activity 1–2 3 109 cpm/mg. Positive clones were transformed into
plasmids by phage-f1-mediated automatic subcloning according to
the manufacturer’s instructions (Stratagene, Heidelberg, Ger-
many). The GenBank accession number of cMfh-1 is U95823.
After restriction mapping of several clones, three overlapping
clones were subjected to sequence analysis. Briefly, restriction
fragments were subcloned into pBluescript IISK(1) and the nucle-
otide sequences were determined using T3 and T7 primers. The
database search for the nucleotide and amino acid sequences was
performed using the Gene Works program (Intelli Genetics, Inc.,
Mountain View, CA).
s of reproduction in any form reserved.
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286 Sudo et al.RNA in Situ Hybridization
In situ hybridization on whole mounts was performed according
o the procedure described previously (Wilkinson, 1992) with slight
odifications. Digoxigenin-11-UTP- or a-35S-UTP-labeled ribo-
robes were prepared by in vitro transcription. After whole-mount
n situ hybridization, selected specimens were embedded in Immu-
obed (Polysciences) or paraffin wax and sectioned at 12 mm or 7
mm, respectively. For in situ hybridization on paraffin sections,
mbryos were fixed overnight in 4% paraformaldehyde in
hosphate-buffered saline, embedded in paraffin wax, and serially
ectioned at 8 mm. Further treatment was performed as described
previously (Kessel and Gruss, 1991).
Probes Used in This Study
cDNA fragments used for riboprobe preparation were as follows:
1. Mfh-1, a 1.9-kilobase (kb) full-length cDNA or a 0.9-kb
indIII restriction fragment lacking the forkhead domain sub-
cloned in pBluescript IISK(1) (Stratagene).
2. Pax3, a 330-base pair (bp) fragment of the chicken Pax3 cDNA
ubcloned in pBluescript IISK(1) (provided by Dr. Peter Gruss,
o¨ttingen).
3. Myogenin, a 1.0-kb full-length cDNA subcloned in pBlue-
cript IISK(1) (given by Dr. Yo-ichi Nabeshima, Kyoto, Japan)
Saitoh et al., 1993).
4. IFAPa-400, intermediate filament-associated protein, a 1.6-kb
ragment of the chicken IFAPa-400 cDNA subcloned in pBluescript
ISK(1) (Cossette and Vincent, 1991).
5. Pax1, a 1.5-kb full-length quail Pax1 cDNA subcloned in
Bluescript IISK(1).
6. BMP2, a 1.1-kb fragment of the chicken BMP2 cDNA sub-
loned in pBluescript IISK(1) (given by Dr. Atsushi Kuroiwa,
agoya, Japan).
7. BMP4, a 1.1-kb fragment of the chicken BMP4 cDNA sub-
loned in pBluescript IISK(1) (given by Dr. Atsushi Kuroiwa).
8. BMP7, a 973-bp fragment of the chicken BMP7 cDNA sub-
loned in pBluescript IISK(1) (given by Dr. Atsushi Kuroiwa).
Embryos
Fertilized eggs of the White Leghorn chick and the Japanese quail
were purchased from local farms and incubated in a humidified
atmosphere at 38.5°C. Developmental stages of chicken embryos
were determined according to Hamburger and Hamilton (1951).
Microsurgery
Microsurgery was performed on embryos incubated for 2 days
(18- to 22-somite stage, HH stage 13–14) in ovo. After removal of
about 3 ml of the albumin, a window about 3 cm in diameter was
made in the upper surface of the egg shell and India ink diluted 1:5
in Hanks solution (140 mM NaCl, 5.4 mM KCl, 5.6 mM glucose,
0.34 mM Na2HPO4, 10 mM Hepes, 1 mM MgCl2, 1 mM CaCl2, pH
7) was injected into the sub-blastodermic cavity to visualize the
embryonic structures better. Surgery on the embryo was performed
under a dissecting microscope illuminated by a double-light guide.
The number of somites of the embryo was counted for staging.
Hank’s solution was dropped onto the vitelline membrane overly-
ing the embryo, and the membrane was torn with a tungsten needle
to expose the embryo.Quail-chick chimeras (Le Douarin, 1969; Le Douarin, 1982) were N
Copyright © 2001 by Academic Press. All rightmade as follows. Presomitic chick mesoderm at the thoracic levels
corresponding to six consecutive somites was replaced by pre-
somitic mesoderm of the same level isolated from corresponding
quail embryos at an equivalent developmental stage. Two days
after the operation, the embryos were fixed in Bouin’s fixative for
immunostaining with QCPN monoclonal antibodies to identify
quail cells in the chimera (Selleck and Bronner–Fraser, 1995). For
histological sectioning, the fixed embryos were dehydrated in
ethanol and xylene, embedded in paraffin, and serially sectioned at
7 mm.
For the insertion of aluminum foil between the surface ectoderm
nd the lateral plate mesoderm, a slit was made in the ectoderm
verlying the intermediate and the lateral mesoderm at the pro-
pective thoracic level with a sharpened tungsten needle. A piece of
luminum foil or millipore filters were inserted through the slit.
n aggregate of wild-type and transfected COS7 cells was similarly
ransplanted onto the intermediate mesoderm.
Skeletal Preparations
Seven days after surgery (HH stage 35–37), the embryos were
removed from the eggs and fixed with Carnoy’s fixative overnight.
The visceral organs were removed. For studies of the cartilaginous
skeleton in whole-mount preparations, the embryos were stained
overnight with Alcian blue 8GX in 70% ethanol containing 1%
HCl. Excessive dye was removed with 70% ethanol containing 1%
HCl. The specimens were then dehydrated through an ethanol
series and cleared with methyl salicylate (Kato and Aoyama, 1998).
Immunohistochemistry
To identify quail cells in the chicks that had received trans-
planted quail tissue grafts, some chimeras were embedded in
paraffin wax after fixation with Bouin’s fixative and serially sec-
tioned at a thickness of 7 mm. The sections were rehydrated and
washed in phosphate-buffered saline (PBS) containing 0.1% Tween
20 (PBT), and then bleached with 6% hydrogen peroxide in metha-
nol. After washing in water and PBT, the sections were preincu-
bated with PBS containing 1% bovine serum albumin (BSA) for 20
minutes in a humidified chamber, and then incubated with QCPN
antibody (culture supernatant not diluted) overnight at 4°C. After
washing in PBS, the sections were incubated for 90 minutes with
alkaline phosphatase-conjugated antibody against mouse IgG
(DAKO, Hamburg, Germany), washed in PBS, and processed to the
reaction with developing solution containing 4.5 ml/ml nitroblue-
tetrazolium chloride (Boehringer Mannheim, Mannheim, Ger-
many) and 3.5 ml/ml 5-bromo-4-chloro-3-indoyl phosphatase
(Boehringer Mannheim).
Detection of Apoptosis
Apoptosis was detected by in situ TdT-mediated dUTP-
fluorescein-labeled nick-end labeling technique (TUNEL) using a
cell death detection kit (Boehringer Mannheim) with the TUNEL
reaction mixture diluted threefold with 30 mM Tris (pH 7.2), 140
mM cacodylic acid, and 1 mM cobalt chloride.
COS7 Cell Transfection
COS7 cells were grown to semiconfluency and transfected with
1 mg of pCDM8-derived vector (Invitrogen), containing Xenopusoggin cDNA (a generous gift from Dr. Yoshiki Sasai) or the lacZ
s of reproduction in any form reserved.
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287Induction of Sternal Component of Avian Rib by BMPgene under the control of elongation factor promoter, along with 6
ml of lipofectamine (GIBCO BRL) in a 35-mm culture dish for 5 h
according to the manufacturer’s instructions. After removal of
transfection solution, transfected cells were cultured for 24 h and
then transfered into a nontissue culture dish to allow the formation
of cell aggregates. A cell aggregate approximately 70 mm in diam-
ter was used for transplantation (Tonegawa et al., 1997). For the
itration of Noggin activity, COS7 cells were cotransfected with 1
mg of a mixture of mouse BMP4 and Xenopus Noggin expression
vectors in the following ratios: 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10.
RESULTS
Identification and Expression of cMfh-1 in Early
Chick Embryos
Various cDNA clones encoding cMfh-1 were isolated
based on their sequence similarity to mouse Mfh-1. We
identified a 1.9-kb cDNA encoding a 436-amino acid open
reading frame with a predicted amino acid sequence 99%
identical to the forkhead domain of the mouse MFH-1 gene
product (Fig. 2A). The homology between the complete
proteins was 63%, and the hydrophobic profiles exhibited
similar patterns for the chicken and mouse MFH-1 proteins
(Miura et al., 1993).
The expression of cMfh-1 was observed in the paraxial
mesoderm in E2 chick embryos. cMfh-1 was strongly ex-
ressed in the rostral half of the unsegmented paraxial
esoderm and in the somitic mesoderm, but it was not
estricted to this mesodermal subcompartment (Fig. 2B).
Mfh-1 expression in early chick embryos (HH stage 7)
xhibited a medial to lateral gradient of expression in the
ntermediate and lateral plate mesoderm (Fig. 2C). cMfh-1
xpression was absent in the neuroectoderm, surface ecto-
erm, notochord, and endoderm. Transverse sections
hrough the unsegmented paraxial mesoderm of HH
tage-11 embryos showed a mediolateral gradient of cMfh-1
xpression (Fig. 2D). In the epithelial somites of the pro-
pective thoracic region, strong cMfh-1 expression was
bserved in the most medial and lateral parts of the somites
nd in the somitocoel. cMfh-1 was weakly expressed in the
medial region of the lateral plate mesoderm (Fig. 2E).
During the de-epithelialization of the somite in the pro-
spective cervical region, cMfh-1 was strongly expressed in
the mediodorsal part of the developing sclerotomes and in
the intermediate mesoderm (Fig. 2F). cMfh-1 expression
was significantly downregulated in the presumptive dermo-
myotome. A strong cMfh-1 expression domain was con-
stantly seen in the medial part of the sclerotome and in the
dermomyotome at the level of the hindlimb bud (Fig. 2G).
The Expression of cMfh-1 in the Developing
Body Wall
We further investigated the expression of cMfh-1 during
body wall formation and compared its expression with that
of other molecular markers. In the interlimb region of E3
embryos, strong cMfh-1 expression was observed in the w
Copyright © 2001 by Academic Press. All rightomitic mesoderm, nephrogenic mesoderm, and dorsal
orta, but not in the notochord, neural tube, and somato-
leural or splanchnic mesoderm (Figs. 3A, 3C, and 3E). The
xpression of cMfh-1 in the somitic mesoderm was slightly
eaker in the central part of the dermomyotome. At this
tage, the ventral lip of the dermomyotome was clearly
eparated from the somatopleural mesoderm (arrowheads in
igs. 3C and 3E). In E4 embryos, an intense expression of
Mfh-1 was seen in the sclerotome and the dorsal and
entral lips of the dermomyotome (Figs. 3F, 3H, and 3J).
his expression pattern was exclusively observed in
omites 21 to 25 or 26 (indicated by a parenthesis in Fig. 3F).
ransverse sections showed that the ventral lips of the
omitic mesoderm expressing considerable amounts of
Mfh-1 transcripts were located within the somatopleural
esoderm (parentheses in Figs. 3H and 3J). Homotopic
rafting of the somitic mesoderm in the presumptive tho-
acic region revealed the penetration of the somitic meso-
erm into the somatopleure, which includes a region for-
erly called the ventral somite buds by Christ et al. (1983)
Figs. 3K–3M). The ectodermal furrow clearly demarcated
he border between the dermatome and the somatopleural
esoderm (an arrow in Fig. 3L). Since cMfh-1 expression
xtended beyond the ectodermal furrow, it was demon-
trated to be expressed in the penetrating somitic meso-
erm (Fig. 3H).
The expression of Pax3 was compared with that of
Mfh-1 because Pax3 is known to demarcate the ventral lip
f the dermomyotome and the Pax3 gene product is in-
olved in the development of rib cartilage and the abdomi-
al body wall muscles in mice (Henderson et al., 1999).
ax3 expression in E3 embryos was localized in the dermo-
yotome and dorsal half of the neural tube (Figs. 3B, 3D,
nd 3E). The expression of Pax3 in the ventral third of the
dermomyotome was much stronger than in dorsal regions
(arrowheads in Fig. 3B). In E4 embryos, accumulation of the
Pax3 transcript was observed in the ventral lips of somites
19 to 25 or 26, while Pax3-positive cells at the level of the
fore- and hindlimb buds were de-epithelized and migrated
into the limb buds (a parenthesis in Fig. 3G) (Goulding et
al., 1994). Thus, both cMfh-1 and Pax3 are expressed in the
omitic mesoderm that penetrates into the somatopleure at
nterlimb levels (parentheses in Figs. 3I and 3J). A slight
ifference in the expression of the two genes resides in the
act that Pax3 was observed in the ventral ends of somite 19
o 25 or 26 and cMfh-1 in somite 21 to 25 or 26.
The ventral dermomyotomal lips have been described to
ontain precursors of the abdominal body wall muscles
Christ et al., 1983; Cinnamon et al., 1999; Denetclaw and
rdahl, 2000). To investigate the relationship between
Mfh-1-positive cells and myotomal cells, we compared the
xpression of cMfh-1 with the myotome markers, Myoge-
in and the intermediate filament-associated protein
IFAPa-400) (Cossette and Vincent, 1991). The expression of
ax1, which demarcates a medial sclerotome and the sub-
equently developing axial cartilage, was also compared
ith cMfh-1 expression because Pax1 is also involved in rib
s of reproduction in any form reserved.
288 Sudo et al.FIG. 2. Amino acid sequence of cMfh-1 and its expression in early developing embryos. (A) Amino acid sequence of cMFH-1, mouse
MFH-1, and forkhead domain of MF-1 deduced from the nucleotide sequence. Forkhead domain is boxed and shaded are aligned. (B)
Whole-mount expression of cMfh-1 in a developing chick embryo (HH stage 11). cMfh-1 is strongly expressed in the rostral unsegmented
paraxial mesoderm and caudal segmented paraxial mesoderm. (C) cMfh-1 expression in the axial region of developing chick embryo (HH
stage 7). cMfh-1 is strongly expressed in the unsegmented paraxial mesoderm and much more weakly in the lateral plate mesoderm. cMfh-1
expression is absent from the neuroectoderm, surface ectoderm, notochord, and endoderm. (D) A transverse section through the
unsegmented paraxial mesoderm in a stage-11 embryo shows a mediolateral gradient of cMfh-1 expression. (E) A transverse section through
the epithelial somite in the prospective thoracic region in HH stage 9–14 embryo. Strong cMfh-1 expression is localized in the most medial
and lateral region of the somites and somitocoele, with weak expression in the medial region of the lateral plate mesoderm. (F) cMfh-1
expression slightly before the de-epithelialization of the somite in the prospective cervical region in HH stage 9–14 embryo. The strongest
expression of cMfh-1 is seen in the medial region with slightly weaker expression in the ventral region. cMfh-1 expression is significantly
downregulated in the presumptive dermomyotome. (G) A strong cMfh-1 expression domain is seen continuously in the medial region of the
sclerotome and dermomyotome at the level of the hindlimb bud.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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of Pax3 in the ventrolateral one-third of the dermomyotome. The boundary between the somitic and somatopleural mesoderm is indicated by
an arrowhead. (E) Bright field view of adjacent sections of C and D. The following abbreviations are used: dm, dermomyotome; nt, neural tube;
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E4 embryo. Note the strong expression in the dorsal lips of the dermomyotome along the entire axis. It is also noteworthy that cMfh-1 is expressed
in the ventral lips in the presumptive thoracic region, as indicated by a parenthesis. The number of somites from the proatlas anlage is indicated.
(G) The expression of Pax3 in E4 embryo. Note the strong expression in the dorsal lips of the dermomyotome along the entire axis. It is also
notewothy that Pax3 is expressed in the ventrolateral ends in the presumptive thoracic region, as indicated by a parenthesis. The number of
omites from the proatlas anlage is indicated. (H) The expression of cMfh-1 in the presumptive thoracic region of an E4 embryo. cMfh-1 is strongly
xpressed in the sclerotome, dorsal, and ventral ends of the dermomyotome, and intermediate mesoderm and mesenchymal and endotheial
omponents of the dorsal aorta. The somitic mesoderm penetrating into the somatopleure is indicated by a parenthesis. (I) The expression of Pax3
n the presumptive thoracic region of an E4 embryo. Pax3 is expressed in the dermomyotome and dorsal half of the neural tube. Note the
nhanced expression of Pax3 in the ventrolateral one-third of the dermomyotome. The somitic mesoderm penetrating into the somatopleure is
ndicated by a parenthesis. (J) Bright-field view of adjacent sections of H and I. (K) Cross section diagram of a quail-chick chimera. Three
onsecutive somites and the presomitic mesoderm for the prospective consecutive somites of a chick embryo at the 21- to 24-somite stage (HH
tage 14–15) were replaced homotopically with the corresponding piece of a quail embryo. Quail somitic mesoderm is shown as a closed red
ircle. (L) Distribution of quail cells 48 h after surgery. Transverse sections were immunostained with the QCPN mAb to distinguish the cells
erived from quail somites. Quail cells migrating into the somatopleural mesoderm are indicated by parenthesis. The ectodermal furrow
emarcating the border between the dermatome and the somatopleural mesoderm is indicated by an arrow. (M) A section adjacent to L stained
ith hematoxylin and eosin is shown.
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290 Sudo et al.cartilage development, especially in the proximal part of
the ribs (Wallin et al., 1994). cMfh-1, Myogenin, and IFAPa-
400 were coexpressed in the penetrating somitic mesoderm,
while Pax1 expression was restricted to the perichordal
egion (Figs. 4A–4E). Close examinations revealed that
Mfh-1 was expressed in a ventral–dorsal gradient, most
trongly in the ventral somite buds (Figs. 4F and 4I).
lthough the expression of Myogenin and IFAPa-400
ostly coincided with cMfh-1 expression in the dermomyo-
omal lip, mesenchymal cells facing the coelomic cavity
xclusively expressed cMfh-1 (Figs. 4F–4K). This Mfh-1-
ositive and Myogenin-negative compartment seemed mor-
hologically to be an extension of the sclerotome and has
een described previously as lateral sclerotome because
ax1 is not expressed in this region (Christ and Ordahl,
995; Mu¨ller et al., 1996). The frontal sections at the plane,
ndicated by a line in Fig. 4E, revealed mutually exclusive
xpressions of cMfh-1 and Myogenin in the proximal region
f the penetrating somitic mesoderm (Figs. 4L–4N). The gap
f Myogenin expression seen in Figs. 4B and 4G is supposed
o correspond to the intermyotomal gap observed in Fig.
M.
In E6 embryos, cMfh-1 expression coincided with carti-
aginous condensations of the vertebrae, ribs, sternum,
capula, and humerus, and was also observed in the devel-
ping aorta (Figs. 5A and 5D). The expression of Myogenin
emarcates differentiated myocytes and fibers (Figs. 5B and
E). The expressions of cMfh-1 and Myogenin clearly
howed the ventrally directed extensions of the rib cartilage
rimordia and abdominal body wall muscles. In contrast,
ax1 expression was restricted to the vicinity of the noto-
hord (Figs. 5C and 5F). Subdivisions of the developing rib
artilage into vertebral and sternal components were al-
eady apparent at this stage, as sternal components of the
ibs were morphologically distinguishable (Figs. 5G and
H). The expression of cMfh-1 and Myogenin in the devel-
oping abdominal wall was mutually exclusive. cMfh-1
expression was observed in the perichondrium of the pro-
spective rib cartilage and Myogenin expression in the inter-
costal muscle precursors (Figs. 5G and 5H). Pax1 expression
was found exclusively in the mesenchymal cells surround-
ing the proximal part of the rib cartilages (Fig. 5I).
Somitic Mesoderm Penetrating the Somatopleure
Contributes to the Sternal Components of the Ribs
The involvement of the somatopleure in sternal rib
development was reexamined by the methods of Sweeney
and Watterson (1969) (Figs. 6A–6C). Insertion of aluminum
foil blocks in order to separate the intermediate measoderm
and somatopleure at interlimb levels disturbed sternal rib
formation. Thus, the penetration of the somitic mesoderm
into the somatopleural mesoderm appears to be necessary
for sternal rib development. The functions of the somato-
pleure during rib cage formation were further investigated
by removing lateral ectoderm because signals from the
lateral ectoderm have recently been shown to be essential
Copyright © 2001 by Academic Press. All rightor the functional properties of the somatopleural meso-
erm (Michaud et al., 1997; Schmidt et al., 1998; Funayama
t al., 1999). Aluminum foil was inserted so as to separate
he lateral ectoderm from the somatopleural mesoderm at
he presumptive thoracic region, as illustrated in Fig. 6D.
o confirm whether the aluminum foil was inserted as
xpected, some surgically treated embryos were fixed im-
ediately after the manipulation. In most embryos (9/10),
he aluminum foil was inserted appropriately (Fig. 6E). The
evelopment of the axial skeleton and rib cage were exam-
ned 7 days after surgery. Sternal rib formation was exclu-
ively affected on the experimental side (arrowheads in Figs.
F and 6G). Therefore, the lateral ectoderm is shown to be
equired for the development of the sternal component of
he ribs. The sternal rib defects induced by the above two
arrier experiments suggest that the penetration of the
omitic mesoderm into the somatopleural mesoderm is the
ssential process for the development of the sternal compo-
ent of the ribs. Sternum formation was also affected on the
xperimental side (indicated by “S” in Fig. 6F), while no
ffect on the development of the sternum was seen follow-
ng insertion of aluminum foil between the intermediate
nd somatopleural mesoderm (indicated by “S” in Fig. 6B).
his implies that the development of the sternum is also
ependent on signals from the lateral ectoderm.
To investigate the impact of the removal of the lateral
ctoderm upon somite differentiation, we examined the
istribution of quail cells after homotopic grafting of
omitic mesoderm in the presumptive thoracic region in
ombination with the removal of the lateral ectoderm (Fig.
H). When the lateral ectoderm was not removed, cells
erived from the quail somites were localized in the der-
atome, myotome, and sclerotome and in the somitic
esoderm penetrating into the somatopleural mesoderm
Figs. 3K–3M). Some scattered quail cells in the somato-
leural mesoderm may be angioblastic cells, as demon-
trated previously (Wilting et al., 1995). When the lateral
ctoderm was removed, the amount of somatopleural me-
oderm was significantly reduced and the penetration of the
omitic mesoderm was totally impaired as revealed by
omparison with the nonoperated side and the control
rafts (Figs. 3L, 6I, and 6J).
We then examined the expression of molecular markers
f the penetrating somitic mesoderm into the somatopleure
fter various surgical manipulations (Figs. 7A, 7D, and 7I).
nsertion of aluminum foil between intermediate meso-
erm and somatopleure clearly impaired the expression of
Mfh-1 on the operated side (Fig. 7B). The expression
attern of IFAPa-400 also revealed the lack of the ventral
one-third of the myotome (Fig. 7C). Insertion of aluminum
foil beneath the lateral ectoderm also affected the expres-
sion of cMfh-1 and Pax3 at the ventral extension of the
somitic mesoderm, which was preceded by morphological
alterations in the somatopleural mesoderm due to exten-
sive apoptosis (Figs. 7D–7F). This was already observed 6 h
after surgey, confirming previous studies by Schmidt et al.
(1998) (Figs. 7G and 7H). The impact of the surface ecto-
s of reproduction in any form reserved.
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291Induction of Sternal Component of Avian Rib by BMPderm on normal development could be demonstrated when
it was grafted back under the aluminum foil (Fig. 7I). In this
experiment, the normal expression of cMfh-1 and Pax3 in
the penetrating somitic mesoderm was clearly correlated to
the survival of the somatopleural mesoderm (Figs. 7J–7M).
The Expression of BMPs in the Somatopleure at
Interlimb Levels
The requirement of the somatopleure for the develop-
ment of the sternal component of ribs and the requirement
of notochordal signals for proximal rib development suggest
that signals involved in the formation of the mediolateral
axis play a role in the penetration of the somitic mesoderm
into the somatopleural mesoderm (Pourquie´ et al., 1995;
Chiang et al., 1996; Teillet et al., 1998). Since BMP4 is
nown to mediate inductive signals for lateral half somite
pecification, we investigated the expressions of BMP4 in
the interlimb region during the penetration of the somitic
mesoderm into the somatopleural mesoderm (Pourquie et
al., 1996). The expressions of BMP7 and BMP2 were also
analyzed because the biological activities of these proteins
are similar to those of BMP4. In E3 embryos, the ventral lips
of the dermomyotome did not extend into the somatopleu-
ral mesoderm (an arrowhead in Fig. 8G). The expression of
BMP4 was seen throughout the somatopleural mesoderm
and a ventral to dorsal gradient was present (Fig. 8A). The
expression of BMP7 was seen throughout the somatopleural
mesoderm and the surface ectoderm overlying the somato-
pleural mesoderm (Fig. 8C). BMP2 expression was localized
in the surface ectoderm overlying the ventral somatopleural
mesoderm (Fig. 8E). In E4 embryos, the somitic mesoderm
was penetrating into the somatopleural mesoderm (a paren-
FIG. 4. Molecular markers expressed in the somitic mesoderm
expression of cMfh-1. (B) The expression of Myogenin. (C) The exp
of the adjacent section in A to D. The ectoderm furrow is indicate
The following abbreviations are used: co, coelom; d, dermatome; m,
(F, G, H) Higher magnification views showing cMfh-1 (F), Myo
mesoderm. The ectodermal furrow is indicated by arrows. (I, J, K)
is indicated by arrows. (L) cMfh-1 expression in an E4 embryo in
somatopleure, as indicated by the line in E. The following abbrevia
ne, nephrogenic mesoderm; da, dorsal aorta. Blood cells in the dor
adjacent section of K. The expression of cMfh-1 and Myogenin is co
sections of L and M.
FIG. 5. Molecular markers expressed in the developing thorax o
interlimb region of an E6 embryo. cMfh-1 is strongly expressed in
column surrounding the notochord. The following abbreviations are
S, scapula anlage; L, lung primordium; H, prospective hummels. (B)
n the intercostal (indicated by arrowheads) and other muscle precu
n the interlimb region. (C) Pax1 expression in an adjacent section o
t, neural tube; sc, sclerotome; n, notochord; sm, somatopleural m
nd of the dermomyotome underlying the somatopleural mesoderm
, respectively. (G, H, I) Higher magnification views showing cMfh
he following abbreviations are used: N, notochord; R, rib anlage;ndicate sternal rib anlagen.
Copyright © 2001 by Academic Press. All righthesis in Fig. 8H). BMP4 expression in the somatopleural
esoderm regressed in the somatopleure in accord with the
rogressive penetration of the somitic mesoderm (Fig. 8B).
MP7 expression in the somatopleural mesoderm and the
urface ectoderm overlying the somatopleural mesoderm
lso regressed in the area of somitic ingrowth (Fig. 8D). The
xpressions of BMP2 were observed predominantly in the
entral region of the surface ectoderm overlying the soma-
opleural mesoderm (Fig. 8F). The regression of BMP4 and
MP7 expression in the somatopleure during penetration of
he somitic mesoderm into the somatopleural mesoderm
ade BMP family proteins a likely candidate for the signal-
ng between the somitic mesoderm and somatopleure.
Involvement of BMPs in Sternal Rib Formation
To investigate roles of BMPs in sternal rib development,
we attempted to compromise the functions of the BMPs by
the ectopic expression of Noggin, a potent antagonist of
BMP4, BMP7, and BMP2 (McMahon et al., 1998). Aggre-
gates of COS7 cells expressing Xenopus Noggin were
grafted above the intermediate mesoderm, as illustrated in
Fig. 9A, at the presumptive thoracic level of E2 embryos.
Defects in the ribs were reproducibly observed in the
Noggin grafts (25 out of 30), while no defects were seen after
grafting of wild-type COS7 cells (n 5 15) (Figs. 9B–9D). The
defects always involved the sternal part of the ribs, whereas
the vertebral part was not affected (Fig. 9B). Thus, BMPs
emanating from the somatopleural mesoderm are required
for sternal rib development. Concomitantly, the formation
of the ventral dermomyotome lips and penetration of the
somitic mesoderm were clearly impaired as revealed by the
expression of cMfh-1 and Pax3 (Figs. 9E, 9H, 9K, and 9N).
etrating into the somatopleure in E4 chicken embryos. (A) The
on of IFAPa-400. (D) The expression of Pax1. (E) Bright-field view
an arrow. The plane shown in L, M, and N is indicated by a line.
tome; sc, sclerotome; nt, neural tube; n, notochord; da, dorsal aorta.
(G), and IFAPa-400 (H) expression in the penetrating somitic
t field views for F, G, and H, respectively. The ectodermal furrow
ntal section through the somitic mesoderm penetrating into the
are used: co, coelom; sm, somatopleural mesoderm; m, myotome;
rta are giving nonspecific signals. (M) Myogenin expression in an
ementary in the interlimb region. (N) Bright-field view of adjacent
E6 embryo. (A) cMfh-1 expression in a transverse section of the
ortex of the ribs (indicated by arrowheads), scapula, and vertebral
: NT, neural tube; N, notochord; R, rib anlage; St, Sternum anlage;
enin expression in an adjacent section of A. Myogenin is expressed
. The expressions of cMfh-1 and Myogenin are also complementary
The following abbreviations are used: d, dermatome; m, myotome;
erm; da, dorsal aorta; and ne, nephrogenic mesoderm. The ventral
ndicated by a parenthesis. (D, E, F) Bright field views for A, B, and
), Myogenin (H), and Pax1 (I) expression in the developing thorax.
ernum anlage; S, scapula anlage; L, lung primordium. Arrowheadspen
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d by
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294 Sudo et al.To examine the specificity and dosage effects of ectopic
Noggin, BMP4 expression vector was introduced into COS7
ells together with the Noggin expression vector. Increasing
he amount of BMP4 relative to Noggin allowed restoration
f the formation of the ventral dermomyotome lips and
enetration of the somitic mesoderm, and the effects of
oggin were completely neutralized when the BMP4/
oggin ratio was 4/6. Interestingly, the ectopic overexpres-
ion of Noggin did not induce apoptosis of the somatopleu-
al mesoderm (H.S. and H.K., unpublished observations).
To investigate whether BMPs can mimic the functions of
he somatopleure, we grafted BMP4/COS7 cells beneath the
luminum foil block, as illustrated in Fig. 10A. BMP4/
OS7 cells were not able to induce either the penetration of
eosin is shown. The grafted piece of surface ectoderm is indicated by a
Copyright © 2001 by Academic Press. All righthe somitic mesoderm or the strong expression of cMfh-1
nd Pax3 in the ventral lips of the somitic mesoderm (Figs.
0B and 10C) and could not restore survival of the somato-
leural mesodem (Figs. 10D and 10E). Thus, signals from
he somatopleure are suggested to include not only BMPs
ut also other molecules that have not been identified yet.
DISCUSSION
In the present study, we examined somite differentiation
in the interlimb region during thorax formation. The
somitic mesoderm in the interlimb region is shown to
penetrate into the somatopleure, maintaining the epithelialFIG. 6. The interaction between the somitic mesoderm and somatopleural mesoderm is strongly correlated with sternal rib development
in avian embryos. (A) Cross sectional diagram of the manipulation. Separation of the paraxial mesoderm and intermediate plate mesoderm
at the thoracic level from the lateral plate mesoderm with aluminum foil at the 19- to 23-somite stage (HH stage 13–14). The position of
the foil is indicated by a blue line. The following abbreviations are used: nt, neural tube; n, notochord; sm, somitic mesoderm; im,
intermediate mesoderm; smt, somatic mesoderm; spl, splanchnic mesoderm; da, dorsal aorta. (B, C) Ventral view of a flat-mount
preparation of the rib cage skeleton 7 days after surgical manipulation. The sternum was dissected at the midline. In the operated side,
sternal rib formation was impaired (B, indicated by arrowheads). Control side is shown in C. The following abbreviation is used: s, sternum.
(D) Cross section diagram of the manipulation. The intermediate and lateral plate mesoderm at the thoracic level was separated from the
surface ectoderm with aluminum foil at the 19- to 23-somite stage (HH stage 13–14). The piece of aluminum foil is indicated by a blue line.
(E) Transverse section of the embryo with aluminum foil insertion between the intermediate and the lateral plate mesoderm and the suface
ectoderm. The embryo was fixed immediately after surgery. (F, G) Ventral view of the flat-mount preparation of the rib cage skeleton 7 days
after surgical manipulation. The sternum was dissected at the midline. On the operated side, sternal rib formation was impaired (F,
indicated by arrowheads). Control side is shown in G. The red arrowhead in F indicates the piece of aluminum foil inserted. (H) Cross
section diagram of the manipulation. After homotopic replacement of the somitic mesoderm, the intermediate and lateral plate mesoderm
at the thoracic level was separated from the surface ectoderm with aluminum foil at the 19- to 23-somite stage (HH stage 13–14). The piece
of aluminum foil is indicated by a blue line. (I) Distribution of quail cells 48 h after the operation. Transverse sections were immnostained
with QCPN mAb to distinguish cells derived from quail somites. Note the significant reduction in the somatopleural mesoderm in the
operated side and, consequently, the migration of the somitic mesoderm derived from quail somites into the somatopleural mesoderm was
significantly impaired as indicated by the parenthesis. (J) A section adjacent to I stained with hematoxylin and eosin is shown.
FIG. 7. Somatopleural mesoderm is required to maintain the expression of cMfh-1 and Pax3 in the ventrolateral region of the
ermomyotome in the presumptive thoracic region. (A) Cross section diagram of the manipulation. Paraxial mesoderm and intermediate
late mesoderm at the thoracic level were separated from the somatopleural mesoderm with aluminum foil at the 19- to 23-somite stage
HH stage 13–14). The position of the foil is indicated by a thick blue line. (B) The expression of cMfh-1 in the presumptive thoracic region
8 h after the operation. Note the expression in the ventral end of the dermomyotome on the operated side is lacking, while that in the
clerotome and unoperated side (indicated by an arrowhead) is unaffected. The position of the foil is indicated by a thick blue line. (C)
right-field view of an adjacent section in B with the expression of IFAPa-400, a myotome marker. Note the formation of the ventral
ne-third of the myotome is strongly impaired on the operated side. The position of the foil is indicated by a thick blue line. (D) Cross
ection diagram of the manipulation. The intermediate and somatopleural mesoderm of the presumptive thoracic region was separated
rom the overlying surface ectoderm with aluminum foil at the 19- to 23-somite stage (HH stage 13–14). The position of the foil is indicated
y a thick blue line. (E) The expression of cMfh-1 in the presumptive thoracic region 48 h after the operation. Note the expression in the
entral lip of the dermomyotome on the operated side is lacking, while that in the sclerotome and unoperated side (indicated by an
rrowhead) is unaffected. The position of the foil is indicated by the dotted line. (F) The expression of Pax3 in the presumptive thoracic
region 48 h after the operation. Note the expression in the ventral end of the dermomyotome in the operated side is significantly
down-regulated compared to the unoperated side (indicated by an arrowhead). The inserted foil remains on the section. (G) Localization of
cells undergoing apoptosis 24 h after the operation. Note that TUNEL-positive cells are significantly increased in the somatopleural cells
underlying the foil compared to nonoperated side. (H) The section adjacent to G stained with hematoxylin and eosin is shown. (I) Cross
sectional diagram of the manipulation. After the separation of the intermediate and somatopleural mesoderm from the overlying surface
ectoderm with aluminum foil, the isolated piece of surface ectoderm was grafted back beneath the foil in the presumptive thoracic region
at the 19- to 23-somite stage (HH stage 13–14). The foil and surface ectoderm are indicated by thick blue and black lines, respectively. (J)
The expression of cMfh-1 in the presumptive thoracic region 48 h after the operation. Note the expression in the ventral end of the
ermomyotome on the operated side is completely recovered (indicated by an arrowhead). (K) The expression of Pax3 in the presumptive
thoracic region 48 h after the operation. Note the expression in the ventral lip of the dermomyotome in the operated side is completely
recovered (indicated by an arrowhead). (L) Localization of cells undergoing apoptosis 24 h after the operation. Note that number of
TUNEL-positive cells is equivalent in the operated and nonoperated sides. (M) The section adjacent to L stained with hematoxylin andrrowheads.
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295Induction of Sternal Component of Avian Rib by BMPstructure at its ventral lips. The penetrating somitic meso-
derm is continued into the dermatome and myotome and
seems to provide the route for sclerotomal components.
The barrier insertion and Noggin graft experiments show a
considerable correlation between the penetration of the
somitic mesoderm into the somatopleure and the genera-
tion of the sternal component of the ribs in avian embryos.
Thus, the penetrating somitic mesoderm is suggested to
include cartilage precursors, giving rise to the sternal but
not vertebral component of the ribs.
Possible Functions of cMfh-1-Positive Cells during
Sternal Rib Development
The cMfh-1 expression exclusively demarcates the pen-
trating somitic mesoderm, including the prospective ster-
al rib cartilage in the interlimb region. This mesoderm is
erived from the somite 21 to 25 or 26 of E4 embryos and is
ubdivided into distal and proximal regions by means of
xpression of cMfh-1 and myotome markers. In the distal
region of the penetrating somitic mesoderm, including the
ventral somite bud, expression of cMfh-1 and myotome
markers overlap, while they are mutually exclusive in the
proximal region. In older embryos, cMfh-1 expression is
clearly segregated from Myogenin-positive muscle precur-
sors and seen in cartilaginous precursors forming the ster-
nal component of ribs. Since MFH-1 is required for TGFb-
dependent cartilaginous condensations, as revealed by Mfh-
1-deficient mice, cMfh-1 expression could demarcate the
potential cartilaginous precursors or a region capable of
inducing cartilaginous condensations (Winnier et al., 1997).
It remains unclear whether cartilage precursors forming the
sternal component of ribs reside in the distal or proximal
region of the penetrating somitic mesoderm. The most
recent observation by Huang et al. (2000), suggesting a
sclerotomal origin of the ribs, supports the idea that sternal
rib precursors might be present in the sclerotomal compo-
nent in the proximal region (Huang et al., 2000). If this is
the case, cMfh-1-positive cells in the distal region could
provide the signals required for the cartilaginous condensa-
tion of the sternal ribs or the migratory behaviour. The
controversial observation by Kato and Aoyama (1998), sug-
gesting the dermomyotomal origin of distal rib cartilage,
indicates the presence of common precursors for the carti-
lage and musculature of the thorax. According to this idea,
precursors of the sternal rib cartilage could reside in the
distal region because the expressions of cMfh-1 and myo-
tome markers colocalize extensively in this region. In this
case, cMFH-1 gene products might be involved in promot-
ing the cartilaginous condensation of the sternal ribs au-
tonomously.
Signals Required for the Penetration of the Somitic
Mesoderm into the Somatopleural Mesoderm
Our results from various series of surgical manipulations
suggest that the penetration of the somitic mesoderm into
Copyright © 2001 by Academic Press. All righthe somatopleure is dependent upon signals from the soma-
opleure. Since inductive signals from the somatopleure are
eutralized by the ectopic overexpression of Noggin, BMPs
re mainly involved. It was not possible to induce cMfh-1
nd Pax3 expression in the ventral lips of the somitic
mesoderm by adding BMP4, which suggests the involve-
ment of some other factors. Since the somatopleural meso-
derm disintegrates significantly upon removal of the lateral
ectoderm, such factors may be derived from the ectoderm.
Another role of the somatopleural mesoderm may be to
provide a permissive field of immigration for the somitic
mesoderm. The lateral ectoderm might function by main-
taining the somatopleural mesoderm, and could also have a
direct effect on the somitic mesoderm via BMP2 and BMP7.
As Noggin does not affect the survival of the somatopleural
mesoderm, molecules other than BMPs might be involved.
Since the ingrowth of the somitic mesoderm into the
somatopleure is a relatively late process in somite differen-
tiation, several cellular mechanisms could be affected by
the ectopic expression of Noggin. Defects in the early
specification of the lateral half somites mediated by BMP4
could be involved primarily because the ectopic expression
or ablation of BMP4 in E2 embryos clearly affects the
medio-lateral specification of somites (Pourquie´ et al.,
1996; Tonegawa et al., 1997; Tonegawa and Takahashi,
1998). The acquisition of lateral half somite properties,
represented by Pax3 expression and conferred by BMP4,
could allow the formation of the ventral dermomyotome
lips and penetration of the somitic mesoderm into the
somatopleure and subsequent differentiation of the sternal
component of the rib. The formation of the proximal part of
the ribs is strongly correlated with medial half somite
development and dependent upon axial signals. Therefore,
axial signals mediated by SHH and lateral signals including
BMP4 are essential for the generation of the proximal and
distal portions of the ribs, respectively. This shows that the
medial to lateral specification of the somites could be the
earliest manifestation of proximo-distal axis of rib cartilage.
This is reminiscent of antagonisitic regulation by SHH and
BMP4 proteins during the dorsoventral specification of
vertebrae (Watanabe et al., 1998).
Surface ectoderm overlying the somitic mesoderm also
seems to be involved in the penetration of the somitic
mesoderm because removal of the surface ectoderm results
in malformations of the distal region of the vertebral ribs
and the sternal ribs (Huang et al., 2000) (H. A. and H. K.,
unpublished observations). Since rib truncation due to the
lack of ectodermal signals is associated with impairment of
the ventral half of the dermomyotome, signals from the
surface ectoderm could also be a prerequisite for the pen-
etration of the somitic mesoderm into the somatopleure.
Taken together, successive inductive signals from the sur-
face ectoderm and somatopleural mesoderm toward the
somitic mesoderm are needed for ventral somite bud for-
mation.
The ectopic expression of Noggin could function in the
early phase. The expression of BMP4 in the somatopleural
s of reproduction in any form reserved.
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296 Sudo et al.FIG. 8. The expression of BMP family genes in the interlimb region of avian embryos. (A) The expression of BMP4 in the interlimb region of
n E3 embryo. BMP4 is strongly expressed in the somatopleural and splanchnic mesoderm, in the nephrogenic mesoderm, and in the roof plate
f the neural tube. The boundary between the somitic and somatopleural mesoderm is indicated by an arrowhead. (B) The expression of BMP4
n the interlimb region of an E4 embryo. BMP4 is strongly expressed in the nephrogenic mesoderm and somatopleural and splanchnic mesoderm.
ote the regression of BMP4 expression in the proximal somatopleural mesoderm in concordance with the progression of the ventral lip of the
ermomyotome. The ventral lip of the dermomyotome underlying the somatopleural mesoderm is indicated by a parenthesis. (C) The expression
f BMP7 in the interlimb region of an E3 embryo. BMP7 is expressed in the somatopleural mesoderm, surface ectoderm overlying the
omatopleural mesoderm, in the intermediate mesoderm, and in the roof plate. The boundary between the somitic and somatopleural mesoderm
s indicated by an arrowhead. (D) The expression of BMP7 in the interlimb region of an E4 embryo. BMP7 is expressed in the somatopleural
esoderm, surface ectoderm overlying the somatopleural mesoderm, the nephrogenic mesoderm, the dorsal aorta, and the dorsal region of the
eural tube. The regression of BMP7 expression in the proximal somatopleural mesoderm is shown as BMP4 expression. The ventral lip of the
ermomyotome underlying the somatopleural mesoderm is indicated by a parenthesis. (E) The expression of BMP2 in the interlimb region of an
3 embryo. BMP2 is expressed in the intermediate mesoderm and the surface ectoderm overlying the ventral region of the somatopleural
esoderm. The boundary between the somitic and somatopleural mesoderm is indicated by an arrowhead. (F) The expression of BMP2 in the
nterlimb region of an E4 embryo. BMP2 is strongly expressed in the surface ectoderm overlying the ventral region of the somatopleural
mesoderm and endothelial components of nephrogenic mesoderm. (G) Bright-field view of an adjacent section of A, C, and E. The following
abbreviations were used: nt, neural tube; dm, dermomyotome; sc, sclerotome; da, dorsal aorta; ne, nephrogenic mesoderm; sm, somatopleural
mesoderm. (H) Bright-field view of adjacent section of B, D, and F.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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298 Sudo et al.mesoderm has been shown to maintain the expression of
several transcriptional regulators specific for the somato-
pleural mesoderm (Funayama et al., 1999). Ablation of
BMP4 could result in dysfunctions of the somatopleural
mesoderm. BMPs could also function in a later stage of
sternal rib development since the ectopic expression of
BMP2 in E3 embryos is also capable of inducing various
malformations in the distal region of the ribs (Nifuji et al.,
1997). This suggests that somitic mesoderm is competent
to respond to BMP signals and the penetration of the
somitic mesoderm per se or differentiation of the penetrat-
ing somitic mesoderm could be promoted by BMP4. The
ventrograde regression of BMP4 expression in the somato-
FIG. 9. Involvement of BMP family proteins in sternal rib de
transplantation of COS7 cells expressing Xenopus Noggin and/or m
region. Xenopus Noggin and/or mouse BMP4 expression vector we
Aggregates of transfected cells were generated by suspension cultu
preparation of the rib cage skeleton 7 days after graft of COS7
formation was clearly impaired by the ectopic overexpression of X
Control side is shown in C. (D) Incidence of deficiency in sternal r
an E4 embryo after graft of COS7 cells transfected with Xenopus N
down-regulated in the ventrolateral region of the dermomyotom
Transverse sections at the level of the graft in E. The expression o
(indicated by an arrowhead) is lacking, while that in the sclerotome
I) The expression of cMfh-1 mRNA of an E4 embryo after the graft of
BMP4 expression vectors at a ratio of 2/8. (F) The expression o
dermomyotome in the vicinity of the aggregate as indicated by a
expression of cMfh-1 in the ventral end of the dermomyotome on th
sclerotome and unoperated side (indicated by another arrowhead) is
graft of COS7 cells transfected with the mixture of Xenopus Noggin
of cMfh-1 is almost restored in the ventrolateral region of the dermo
(J) Transverse section at the level of the graft in G. The expression o
was completely recovered (indicated by arrowheads). (K, N) The
transfected with Xenopus Noggin expression vector. (K) The express
of the dermomyotome in the vicinity of the aggregate as indicated
The expression of Pax3 in the ventral end of the dermomyotome on
the sclerotome and unoperated side (indicated by another arrowhea
after graft of COS7 cells transfected with a mixture of Xenopus N
expression of Pax3 was still down-regulated in the ventrolateral re
by an arrowhead. (O) Transverse sections at the level of the graft i
on the operated side (indicated by an arrowhead) is lacking, wh
arrowhead) is unaffected. (M, P) The expression of Pax3 mRNA of
Xenopus Noggin and mouse BMP4 expression vectors at a ratio of
region of the dermomyotome in the vicinity of the aggregate as ind
in G. The expression of Pax3 in the ventral end of the dermomyo
arrowhead).
FIG. 10. BMP4 alone can not mimic the function of the surfac
development. (A) Cross section diagram of the manipulation. After
the overlying surface ectoderm with aluminum foil, the aggregate t
the foil at the interlimb level at the 19- to 23- somite stage (HH st
is indicated by a red closed circle. (B) The expression of cMfh-1 at t
ventral end of the dermomyotome in the operated side is lackin
arrowhead) is unaffected. Grafted BMP4/COS7 cells are indicated b
after the operation. Note the expression in the ventral end of the
compared to the unoperated side (indicated by an arrowhead). (D) L
that TUNEL-positive cells are significantly increased in the soma
section adjacent to D stained with hematoxylin and eosin is shown.
Copyright © 2001 by Academic Press. All rightleural mesoderm in accord with the progression of the
entral somite buds suggests the involvment of BMP4
uring the late phase of the development of the penetrating
omitic mesoderm.
The Role of Pax3 in Sternal Rib Development
Genetic studies on the mouse Pax3 mutant, Splotch,
revealed the functional involvement of Pax3 in distal rib
development because rib truncations and fusions are seen
in Sp2H homozygotes with full penetration (Henderson et
l., 1999). Although the costal sutures separating the ven-
ral and sternal components of the rib in avian embryos are
ment. (A) A diagram showing experimental procedures for the
BMP4 in the somatopleural mesoderm in the presumptive thoracic
ansfected into the COS7 cells at various ratios from 10/0 to 0/10.
d transplanted as indicated. (B, C) Ventral view of the flat mount
transfected with Xenopus Noggin expression vector. Sternal rib
pus Noggin in the operated side as indicated by arrowheads in B.
mation is summarized. (E, H) The expression of cMfh-1 mRNA of
in expression vector. (E) The expression of cMfh-1 is significantly
the vicinity of the aggregate, as indicated by an arrowhead. (H)
h-1 in the ventral end of the dermomyotome on the operated side
unoperated side (indicated by another arrowhead) is unaffected. (F,
7 cells transfected with the mixture of Xenopus Noggin and mouse
fh-1 was still down-regulated in the ventrolateral region of the
owhead. (I) Transverse section at the level of the graft in F. The
erated side (indicated by an arrowhead) is lacking, while that in the
ected. (G, J) The expression of cMfh-1 mRNA of an E4 embryo after
ouse BMP4 expression vectors at a ratio of 4/6. (G) The expression
tome in the vicinity of the aggregate, as indicated by an arrowhead.
fh-1 in the ventral end of the dermomyotome on the operated side
ssion of Pax3 mRNA of an E4 embryo after graft of COS7 cells
f Pax3 was significantly down-regulated in the ventrolateral region
n arrowhead. (N) Transverse section at the level of the graft in K.
operated side (indicated by an arrowhead) is lacking, while that in
unaffected. (L, O) The expression of Pax3 mRNA of an E4 embryo
in and mouse BMP4 expression vectors at a ratio of 2/8. (L) The
of the dermomyotome in the vicinity of the aggregate as indicated
The expression of Pax3 in the ventral end of the dermomyotome
at in the sclerotome and unoperated side (also indicated by an
embryo after graft of COS7 cells transfected with the mixture of
(M) The expression of Pax3 is almost restored in the ventrolateral
d by an arrowhead. (P) Transverse section at the level of the graft
e in the operated side was completely recovered (indicated by an
oderm overlying the somatopleural mesoderm during sternal rib
separation of the intermediate and somatopleural mesoderm from
ected mouse BMP4 expression vector was transplanted underneath
3–14). The foil is indicated by a thick blue line, and the aggregate
vel of the graft 48 h after the operation. Note the expression in the
ile that in the sclerotome and unoperated side (indicated by an
ed arrow. (C) The expression of Pax3 at the level of the graft 48 h
omyotome on the operated side is significantly down-regulated
zation of cells undergoing apoptosis 12 h after the operation. Note
ural cells underlying the foil compared to unoperated side. (E) Avelop
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299Induction of Sternal Component of Avian Rib by BMPnot present in mammals, defects in Sp2H mice are reminis-
ent of defects in sternal components because the distal
ne-third of the ribs is affected, while the proximal regions
re unaffected. Since Pax3 is strongly expressed in the
entral lips of the dermomyotome, which subsequently
enetrate the somatopleure, in muscle progenitor cells
hich invade the limb bud and in prospective neural crest
ells which invade the body, expression of Pax3 may be
nvolved in the generation of a migratory behaviour. Sig-
ificant ventrolateral truncation of the dermomyotome and
yotome in Sp2H homozygotes suggests this hypothesis.
The induction and/or maintenance of strong Pax3 expres-
sion in the ventral lips by signals from the surface ectoderm
and somatopleural mesoderm may be a prerequisite for the
penetration of the somitic mesoderm into the somato-
pleure. Given that Pax3 is not expressed in rib precursors,
Pax3 might be involved to provide inductive signals re-
quired for rib cartilage formation.
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